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In a cylindrical column of an inhomogeneous plasma, located in ZEQQ;
a uniform axial magnetic field, macroscopic azimuthal charged |
particle fluxes may appear. The azimuthal motion of the plasma

components may be the result of effects which are similar in form

but different in nature, namely: drift of the charged particles

in the crossed electrical -and magnetic filelds and Larma?oVskﬂy

drift", connected with the radial pressure gradient of the plasma
components. In real plasmas both of the above-mentioned effects,

in principle, contribute to the azimuthal particle motion [1,2].

The rotation of the components of an inhomogeneous plasma, located

in a magnetic field, is an important characteristic of the latter

and, in particular, one of the factors determining the stability

of the plasma system [3]. A number of low frequency plasma

instabilitles are directly connected with the presence of azimuthal
charged particle fluxes in the plasma [2,4-7]. Therefore, an
investigation of the characteristics of the macroscopic rotation of

the plasma components and its physical nature in a number of cases

may contribute to the establishment of a type of instability [2]

and, consequently, is of undoubted interest.

The purpose of the present study was to investigate the
rotation of the ion component of a plasma in a Penning discharge
with a hotcathode, wﬁdely used in ion sources. It is known that
a plasma of this discharge is characterized by radial gradients |of
potential, density and electron temperature [8] and also by the
presence of low frequency oscillations [9-14], the nature of which
has not as yet been unambiguously established, in a wide range of
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parameters of the discharge.

The experiments were conducted on the device described in
detail earlier [13], with a discharge chamber of the following

dimenélons dlameter of the anode_~5u mm, diameter of the -\

cathode——12 mm, length of anode——llO mm, cathode-reflecter distance_—is
130 mm. A stationary discharge in helium with a current intensity
Ia =1 A/and a discharge voltage V = 100 V' was reported in the

system. The investigations were conducte@ at five fixed helium

pressures in the discharge chamber ( 8.4 - 10'3, 1.1 - 10'2,

1.3 * 107%; 1.6 * 107°; 2.0 - 1072

variation of the axial uniform magnetic field intensity from 100

mm of mercury ) in the range of

to 600 e. The above-mentioned ranges of variation of helium
pressure and magnetic field intensity include both the region of
stability of the discharge plasma and the region of the appearance
in it of low frequency oscillations with an azimuthal mode

m=1, 2, 3 [13].

As follows from the formulation of the problem and the ex-
perimental conditions, the method of measuring the macroscopic
velocity of the azimuthal motion of the ion component of the plasma
must possess (1) a sufficiently high sensitivity, because the
expected value of the direct azimuthal velocity of the ions is on
the order of their thermal velocity, (2) sufficiently high spatial
resolution in connection with the small volume of plasma studied, and
(3) the minimal disturbing influence of the plasma.

Among the previously described methods of determining the . /2005

velocity of an azimuthal ion flux in a gas discharge plasma [1, 2,
15], the above-mentioned requirements are most fully satisfied by
the method of a plain, unidirectional-oriented probe [2], analogous
to the method of separating the directional part of the distri- .

bution function of electrons according to velocities, examined by
Granovskiy [16]. According to this method, the velocity of the
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ordered motion of ions may be determined according to the formula

where I; and I, are the ion saturation currents on a probe, oriented |\
correspondingly counter to and in the direction of the ion azimuthal
motion;

3 kT,
0, = l/’fﬂ\ [171, Te — the electron

temperature; M __ the ion mass.

The probe used in the present experiment was a molybdenum
disc with a diameter of 2 and a thickness of 0.2 mm, one of the
flat surfaces of which was covered with a thin alundum film and
protected from being covered with dust by an additional metallic
screen. The probe was able to move along the radius of the anode 7/
and to rotate relative to the axis, lying in the plane of the
probe and congruent with its radius.

The electron temperature which must be known in order to
determine Vi was measured by means of a single cylindrical langmuir
probe; the latter can be moved along the radius of the system.

The small diameter of the probe (0.1 mm) and its orientation per-
pendicular to the magnetic field justify the use of this method in
range of magnetic fields studied [18]. The true coordinate recorder
P. D. 8. 021 was used for recording the probe characteristics. All
measurements were made in the middle plane of the anode in the plasma\

beyond the limits of the flux of primary electrons.
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Figure 1. Radial Profilé of thé Eléctron Témperature
(p = 1.3 - 10~ mm mercury, H = 120 e).

The electron temperature, determined at different distances
from the axis of the system, at different helium pressures and
magnetic field intensities, was usually measured in the range of
3 to 7 ev. A typical radial profile of the electron temperature
for these conditions is shown 1in Figure 1. An increase in the
electron temperature upon approaching the axis of the discharge
is characteristic; this increase is very weakly expressed in the
prianode region of the plasma and becomes more noticeable upon
approaching the flux of primary electrons. The radial temperature
drop in the plasma region investigated usually did not exceed
1.5 ev with the exception of conditions with intense disturbance
of the plasma by'\low frequency oscillation with a mode m = 1,
in which a significant overall increase in ftemperature was

observed (to 15—20 ev), and its radial drop reached 7 ev.

The variations in electron temperature pressure and magnetic
field intensity corresponded to those described earlier [13].

The measurements made showed that in the above-mentioned
range of discharge conditions there exists ion azimuthal motion
in the direction of the plasma drift in cross electrical and /2006

magnetic fields in the presence of radial "sagging" of the potentials.
Reversal of the direction of the magnetic field led to an analogous
change in the direction of the ion azimuthal velocity. 1In all

cases, the rotational velocity of the ion component of the plasma

l
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v, varied within the limits (from 1.5 to 8) - 10° cm/sec and
in order of magnitude and direction coincided with the phase

velocity of the observéd azimuthal waves.
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Figure 2. Radial Profile of the velocity of the ion azimuthal
motion _o T : o
(p = 1.6 X 10 mm mercury); l-—experiment, 2 and 3—
calculation: a.—H = 135 e, oscillations absent;
b—H = 210 e, oscillations with m = 2 and f = 41 kHz;
c—H = 240 e, oscillations with m = 3 and f = T4 kHz;
d—H = U435 e, oscillations with m = 1 and f = 31 kHz.
. - \l
Figure 3. Radial Profile of the velocity of the ion azimuthal

motion

(H = 190 e, oscillations with m = 2, 1—experiment,
2—calculation): . a—p = 2.10"2 mm mercury, f = 38 kHz;
b—p = 1.3 » 1072 mm mercury, f = 45 kHz; c—p =

1.1 - 10~2 mm mercury, f = 48 kHz; d—p = 8.4 X 1073
mm mercury; £ = 56 kHz.

Seven to ten radial velocity profiles of the ion azimuthal
motion, corresponding to different magnetic field intensities in
the range of 100 - 600 e, were measured for each fixed helium



pressure. The radial profiles were

2 mm and one to two measurements of v

determined at a spacing of \

9 made in each probe position.

As an example, reflécting thé genéral properties of the obtained

radial dependences of Vs
of Ve for an invariable pressure of

Figure 2 shows several radial profiles

p=1.6 " 1072 mm mercury and

different magnetic field intensities, and Figurel3__for an in-

variable magnetic field H =

190 e and different pressure.

The

most important characteristic of these dependences is the signi-

ficant radial non-uniformity of the
ion: a weak change in the velocity
to the flux of primary electrons is

in the prianode layer. Against the

rotational velocity of the
Vo in the plasma layer adjacent
replaced by a rapid increase

background of the weak

variation in the rotational velocity of the ion in the region

adjacent to the flux of primary electrons it is possible to observe

an outlying drop in the wvalue of Ve

a shallow minimum at the distances r

to the axls of the system and

= 1.3 to 1.7 em. The absence

of linear dependence of the rotation speed on the radius testifiles

to the fact that representation of the rotation of the ion com-

ponent of the plasma as of the rotation of a solid body with a

single angular velocity is not applicable in the present case.

Investigations showed that in the plasma region adjacent to

/2007

the flux of primary electrons, the rotational velocity of the ion

component increases with a decrease
discharge chamber.
an illustration of this.

in the gas pressure in the

The dependence shown in Figure 4 may serve as

With a change in the magnetic field the azimuthal rotation

velocity of the ions in this region

changes insignificantly

(changes in the order of the spread\of experimental data, which

reached 20%) up to a magnetic field

500 e, above which it begins to increase markedly.

intensity of approximately
The corres-

ponding dependence is shown in Figure 5.
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Figure 4. Dependence of the velocity of the ion azimuthal motion.
on the gas pressure (H = 190 e, r = 1.7 cm):
1__experiment, 2—<calculation.

Figure 5. Dependence of the velocity of the ion azimutha% motion
on the magnetic field intensity (p = 1.3 - 107° mm

mercury, r = 1.7 cm): l—experiment, 2—calculation.

In hydrodynamic approximation, a theoretical calculation of
the rotational velocity of the ions in a cylindrical plasma
column, located in a uniform magnetic field, with a radial electric
field present in it, the concentration gradient and the ion
collisions with neutral patterns was made in [1]. Assuming a weak
change in the azimuthal velocity component along the radius and
axial symmetry of the stationary plasma parameters from the vector
equation of motion of the ions

i [z VP, Mo (1)
MY B+ L)V M
dt C(E+c x H n f

there was obtained a cubic equation for determining the angular
rotation frequency of the ion component of the plasma:

(2)



ar dn’
where 7§§=:Ti7£- is the pressure gradient of the ion component

of the plasma; Er is the radial electric field; e is the ion

charge; M is the ion mass; Ti is the ion temperature in electron

volts; n is the plasma concentration; t is the mean time between /2008

ion collisions with neutral atoms; @ is the ion cyclotron frequency;
v
w = ;3 is the angular rotation frequency of the ion at the distance

r from the system axis. /

/

It was of interest to calculate v, to equation (2) and to

0
compare this with the experimentally measured values. Data on
Erz+% —%%, Ti and t, were necessary for this. The field Er was

determined according to the radial potential profiles of the
floating probe, which, strictly speaking, is justified only under
the assumption of a constant electron temperature in the plasma
volume. As follows from the results of measuring tpe electron ; \
temperature (see Figure 1), this assumptién is completely Justi-
fied in our experiments. Only in the plasma region directly
adjacent to the primary electron flux, was it possible to expect

a deviation of the fields measured with the ald of the floating
probe from the two fields on the side of an overestimation.
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Figure 6. a—radial profiles of the plasma potential (1) and
the potential of the floating probe (2);
b—corresponding radial profiles of the electric field.



A comparison of the electric fields, determined according to the
radial profiles of the floating probe potential and the true
plasma potential was performed for one of the discharge conditions
for direct verification of these considerations. Measurement of
the true plasma potential was performed by means of an emitting
floating probe [19], the use of which in the entire range of
discharge conditions studied proved to be inexpedient in view of
the significant technical difficulties. Corresponding data, shown
in Figure 6, indicate the fact that in the plasma region from

r = 1.5 cm to the anode wall there is good agreement of the
values of the fields, determined by both methods mentioned, is
observed. This agreement is gradually destroyed upon approaching
the primary electron flux. The difference becomes significant in
the immediate vicinity of the primary electron flux, where the
floating probe potential is greatly lowered due to the presence

of high speed electrons in the plasma.

A characteristic feature of the radial profiles of Er’
determined in the entire range of variation of discharge conditions,
is the fact that at distances r = from 1.3 to 1.7 em from the
system axis, the fileld reaches a minimum value'(sée Figure 6, b)
in the region of this minimﬁm Ef = e(i;_s) v/cm; in the prianodé
plasma region the fields reached -(5—6) v/cm.

The value —% —%% was determined according to the radial

profiles of the plasma density in a discharge, Teasured by the
probe method, and amounted to from -1 to -3 cm . “The ion temp-
erature in the preéent experiment was not measured, however, as
follows from the literary data, in similar discharges, it 1s

low and in any case does not exceed 0:1 T, [5, 10]. Thus, in our

eE i
conditions the term Mr in'equation.(Z) Significantly exceeded




the term E% —%gl and in first approximation, the latter may be /2009
ignored, which was done below. The direction of rotation of the

ion component of the plasma, established experimentally, in parti-
cular, also indicates the validity of/such an approximation. For

a rough estimate of the value of 1 it is possible to use the formula

7
% = v, = 3.2 + 10 + p (mm mercury) [20], the use of which is
i

justified in the case of a low ion temperature. In this case the
radial profiles of the ion azimuthal motion velocity, calculated
according to equation (2) and measured experimentally, qualitatively
agree well with one another, however, the calculated values of

Vo exceed the experimental one by two to three times. It is

shown below that a significantly better quantitative agreement
is achieved with the use of the formula for determining T

1 _ Ep 172 \
Tt a (2"

£ |

derived in [21] for the case of‘F%», which was realized in the

present experiment. The constant A (thé singlé unknown in the
last formula) was determined according to thé valué of t, obtained
by means of substituting the experimental valﬁés of a and Er into
equation (2). Such an operation was performed for four pairs of
values of w and Er’ for arbitrarily selected discharge conditions

in a region of weak variation of v, with the radius, where the

assumptions made in deriving equatgon (2), are well founded. As
might be expected, the values of A calculated in such a way
proved to be close to gne another and for further calculation,
the value A = 5.3 * 10 was used, if E is expressed in volts per

centimeter, M—in atomic units and p in millimeters of mercury.
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Calculation of w was performed in the entire range of varila-
tion of p and H investigated, which made it possible to compare
the theoretical profile corresponding to each experimentally ob-
tained radial profile of Voo Examples of such a comparison are
given in Figures 2 and 3. It is obviocus that in the greater part
of the cross section of the plasma column the results of calcu- I
lation and éxperiment agree well not only qualitatively but also
quantatively. Comparison of experimental and theoretical values
of Vo in the plasma, directly adjacent to the primary electron
flux, prove to be impossible, since in this region the values of
Er’ necessary for calculation, were determined by the floating probe
method with a great degree of error (see Figure 6). Good agree-~
ment of experiment and theory for the entire radial profile of
Vg s including the indicated region, is obtained with the use of
values of Er’ determined according to the radial profile of the
true plasma potential (see Figure 2, b, curve 3). The dependences
shown in Figures U4 and 5 also indicate satisfactory agreement of
theory and experiment. Results of a comparison make it possible
to uniquely connect the radial non-uniformity of the rotation
velocity of the lon with the radial non-uniformity Eflin the

discharge, and the observed increase of v, with a lowering of

0
pressure—with the decrease in ion collisions with neutral atoms.

The result presented above may be summarized in the following
way.

1. Tt is experimentally established that in a hot cathode
Penning discharge in the range of discharge conditions examined,
ion azimuthal fluxes take place. It is shown that the cause of the /2010
azimuthal motion of the ion component of the plasma is, chiefly,
the ion drift in the crossed radial electric and axial magnetic
fields in the presence of collisions with neutral atoms.

2. Radial profiles of the linear velocity of the ion
azimuthal motion, indicating an absence of radial uniformity of
the angular velocity of this mdtion, are obtained.

11



3. It is shown that equation (2), derived in [1], well
describes the azimuthal motion of the ion component of the plasma
in the condition investigated.

4, Tt is experimentally established that the phase velocity
of the low frequency oscillations arising in the discharge plasma
coincide in direction and order of magnitude with the azimuthal
motion velocity of the ion component of the plasma.

12
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